The original proposal of Berridge (1983) , that inositol 1,4,5-trisphosphate [Ins( 1,4,5)P,] is the second messenger linking receptor-activated phosphoinositide turnover with intracellular Ca2+ mobilization, has been well supported by many experiments (Streb et al., 1983; Berridge & Irvine, 1984; Berridge, 1987) . However, more recent evidence has suggested that this proposal may need some qualification; specifically, it is emerging that Ins( 1,4,5)P, is a messenger, not the messenger, and that its essential partner in a 'duet' in Ca2+ regulation is inositol 1,3,4,5-tetrakisphosphate [Ins ( 1, 3, 4, 5) P,] (Irvine et al., 1988) .
1ns(1,3,4,5)P4 (Batty et a/., 1985) , is formed by a 3-phosphorylation of Ins( 1,4,5)P, Hawkins et al., 1986; Hansen et al., 1986; Stewart et al., 1986; Biden & Wollheim, 1986) and is degraded by a 5-dephosphorylation (Batty etal., 1985; Hawkins etal., 1986) to form Ins( 1,3,4)P, (Irvine et a/., 1984) . It is produced rapidly on cell stimulation, with kinetics very similar to Ins(1,4,5)P, (e.g. Batty et al., 1985; Hawkins etal., 1986; Hansen etal., 1986; Biden & Wollheim, 1986) . The regulation of Ins( 1,4,5)P3-3-kinase by Ca2+, and possibly by other factors, was reviewed recently by Irvine et al. (1988) and that discussion will not be reiterated here. The only additional point worth noting is that, it has been suggested that there is some indirect evidence for the existence of a membrane-bound, receptor-regulated Ins( 1,4,5)P3-3-kinase in some tissues (Irvine et al., 1988) . If that is true, then the recent observation of transient production in stimulated neutrophils of a phosphatidylinositol trisphosphate (PtdInsP,) (Traynor-Kaplan et al., 1988) , could be due to such an activated membrane-bound Ins( 1,4,5)P,-kinase using phosphatidyl 4,5-bisphosphate [PtdIns(4,5)P2] as a substrate, until sufficient levels are reached of its true substrate [Ins( 1, 4, 5)P, ] . This thought in turn inspires the rather enticing question, is the recently reported Ptdlns-3-kinase (Whitman et al., 1988 ) also due to the same enzyme? lrvine et al. (1988) have summarized the evidence that Ins( 1,3,4,5)P, aids and abets Ins( 1,4,5)P3 in controlling Ca2+. In the original proposal we drew distinct lines of demarcation in so far as we suggested that Ins( 1,4,5)P3 controlled intracellular mobilization, and that Ins( 1 ,3,4,5)P4 controlled Ca2+ entry (Irvine & Moor, 1986) . However, since the publication of this idea, the lines have become blurred, and it has been more recently suggested (Irvine et al., 1988) that the synergism between Ins(1,4,5)P3 and Ins( 1,3,4,5)P4 might extend, at least in some tissues, to include intracellular mobilization of Ca2+ as well as entry of Ca2 + from outside the cell (see below). What might be the mechanism of this synergism, and what might be the reason for it? In the original proposal of Berridge (1983) and Streb et al. (1983) , there was no need to invoke any help from Ins( 1,3,4,5)P4 (which was undreamt of at that time anyway). In most permeabilized cell preparations, Ins( 1,3,4,5)P, has little effect. Furthermore, the hypothesis of Putney (1986) (which received considerable support from Merritt & Rink, 1987) , in which a mechanism was proAbbreviations used: Ptdlns, phosphatidylinositol; 1nsP3, InsP,, inositol tris-, tetrakis-phosphate, respectively, with locants designated where appropriate. posed whereby Ins( 1,4,5)P, could control Ca2+ entry, also seemed to leave little room for Ins( 1,3,4,5)P4.
Nevertheless, experimental evidence for a synergism between Ins( 1,4,5)P, [or lns(2,4,5)P,] and Ins( 1,3,4,5)P4 in regulating Ca2+ has come from a variety of systems, e.g. sea urchin eggs (Irvine & Moor, 1986 , 1987 but not all sea urchin eggs; Crossley et al., 1988; Irvine et al., 1988) , mouse lacrimal cells (Morris et a/., 1987) , Aplysia bag cells (L. Fink & L. Kaczmarek, unpublished work) , Xenopus oocytes (Parker & Miledi, 1987) , and membranes from pituitary cells (Spat et al., 1987) . It has been suggested that, as lns(1,3,4,5)1-', does not release Ca2+ on its own (except at very high doses, e.g. Parker & Miledi, 1987; Crossley et al., 1988) , it may have a permissive role on the mode of action of Ins(1,4,5)P3 by controlling the content of the Ca2+ stores which Ins( 1,4,5)P, mobilizes (Irvine & Moor, 1986 , 1987 lrvine et al., 1988) . The fact that there is experimentally a varying degree to which Ins( 1,3,4,5)P4 is required for an InsP, to have an effect on Ca2+ mobilization may have a number of explanations; not the least important of these is that we cannot be sure that we are not generating some Ins( 1,3,4,5)P, even when we inject into a cell an Insl-', which is a poor substrate for Ins( 1,4,5)P3-3-kinase (discussed further by lrvine et al., 1988) . To proceed forward in our understanding of the function of Ins( 1,3,4,5)P,, a simple scheme is required to describe what Ins( 1,3,4,5)P, is doing, which will ( a ) explain all the experimental data obtained so far and ( b ) which does not invent too many concepts, but rather uses concepts that others have already proposed for entirely independent reasons. Any scheme which seeks to account for the action Ins( 1,3,4,5 )P4 must therefore take into account the following four principal observations.
(1) If Ins( 1,3,4,5)P, does regulate Ca2+ influx from outside the cell into an Ins(1,4,5)P3-sensitive Ca2+ pool as was originally proposed (Irvine & Moor, 1987) , then there would have to be a 'memory' written into the system; i.e. as argued in detail by Putney (1986) and Merritt & Rink (1987) , if this Ins( 1,4,5)P,-sensitive Ca2+ pool is emptied in the absence of extracellular Ca2+, then the 'channel' into it from outside the cell must remain open for many minutes after receptor blocking (and therefore it must remain open in the absence of inositol phosphates). Because of this, by building on Putney's (1986) original hypothesis (and on the extension of it to include a link between membranes analogous to a gapjunction; Irvine & Moor, 1987) , Merritt & Rink (1987) have suggested that there is indeed a direct link between the cell exterior and the endoplasmic reticulum, but that its transport of Ca2+ is controlled solely by a feedback inhibition governed in turn by the level of Ca2+ in the endoplasmic reticulum, i.e. in their scheme this link is not controlled by Ins( 1,3,4,5)P4.
(2) In addition to its effect on Ca2+ entry (Morris et al., 1987) , Ins( 1,3,4,5)P4 is, to a variable degree, capable of 'helping' Ins( 1,4,5)P, mobilize intracellular Ca2+ (D. V. Gallacher, R. F.
We should note here that, in the category of synergism to regulate intracellular mobilization, we should perhaps also include eggs of Lytechinus variegatus. Originally, lrvine & Moor ( 1986) interpreted the synergism between Ins( 2,4,5)P, and Ins( 1,3,4,5)P, in these eggs as being due to Ca2+ entry, but Crossley et al. (1988) have argued strongly that it was just as likely to have been due to intracellular mobilization. As mentioned above, the degree of the synergism can vary 627th MEETING, NOTTINGHAM 7 between different batches of sea urchin eggs. In a less equivocal demonstration of inositol-phosphate-mediated Ca2 + entry (Morris et al., 1987) , the dependence for the Ca2+ entry on Ins( 1,3,4,5)P, was absolute. Llano er ul. ( 1987) did not see a requirement for lns(1,3,4,5)P4 in very similar experiments, but different experimental protocols may account for this (e.g. EGTA in the cell-perfusing medium; inclusion of Ins( 1,4,5)P, when the cells were permeabilized as compared with its infusion after pcrmcabilization).
In the only other tissue in which Ca2+ entry has been studied in this regard, the Xenopus oocyte, the data are, at least superficially, contradictory. Parker & Miledi ( 1987) have reported that a Ca2+-influx can be induced by Ins( l,3,4,5)/<, an effect which can be 'primcd' by Ins( 1,4,5)/'>.
Snyder er (11. ( 1988) , however, have provided evidence that lns(2,4,5)P3 can induce a prolonged Ca?+ influx even in the apparent absence of Ins( 1,3,4,5)/<. (Both observations require high extracellular Ca2+; could gap junctions which thc oocyte had formed with follicular cclls, bc involved?) The data of Snyder er ul. (1 988) can in fact be accommodated in the scheme presented below by proposing that the opening and closing of the Ins( 1 ,3,4,5)I'4-controlled 'link' requires high Ca2 + inside the endoplasmic reticulum or calciosome. Then, if any Ins( 1 ,3,4,5)P4 were generated even transiently at the moment of injection of l11s(2,4,5)1'~ (see above), that 'link' would subsequently remain open for as long as there was an InsP3 present (assuming that Ca'+ efflux from these compartments is faster than influx into them).
( 3 ) Volpe et al. ( 1988) have produced convincing evidence for two factors which bear some light on the target organelle for lns(1,4,5)P3. ( u ) They have achieved some degree of experimental separation on sucrose gradients of both Ca2+-ATPase (i.c. the Ca2+ pump) and Ins( 1,4,5)P,-induced Ca2+ mobilization, from 'classical' endoplasmic reticulum enzyme markers. These observations inspire the questions, does the endoplasmic reticulum actually pump Ca2+, and does it have Ins( 1,4,5)P3 receptors? ( b ) Volpe er al. (1988) have also used an antibody to calsequestrin in experiments which have provided evidence for the existence of a separate organelle specialized for controlling Ca? + homoeostasis, the 'calciosome', which is not continuous with the endoplasmic reticulum, but which is apparently situated close to it. lrvine et ul. (1,4,5)P, and /ns(I,3,4,5 
)P4
This is a schematic representation of the mechanism proposed in the text, whereby Ins( 1,4,5)P3 and Ins( 1 ,3,4,5)/', together regulate Ca2+ mobilization and entry.
Vol. 17 BIOCHEMICAL SOCIETY TRANSACTIONS (1988) suggested that the action of Ins( 1,3,4,5)/', may be to link these two organelles (the caleiosome and endoplasmic reticulum) together.
(4) Gill and his colleagues (Mullaney et a/., 1987) , building on work by Dawson (1985) , have presented evidence that there are pools of Ca2+ which are not directly released by Ins( 1,4,5)P,, but which can be linked to Ins( 1,4,5)1',-sensitive pools by a mechanism requiring GTP. lrvine et a/.
( 1 988) suggested that Ins( 1,3,4,5)P4 might control such links in vivo. Fig. 1 is a representation of a scheme in which all these various observations and suggestions can be accommodated. T h e key factors are: firstly, an endoplasmic reticulum pool which acquires its Ca2+ from outside the cell by a channel of thc sort proposcd by Merritt & Rink (1987), i.e. with a feedback mechanism closing the 'link' when Ca2+ in the endoplasmic reticulum is high (probably of the order of 1 mM). There is no obvious necessity for this particular endoplasmic reticulum to sequester any Ca2+ by ATP-dependent pumping, and the absence of a C a 2 + pump in part of the endoplasmic reticulum would be consistent with the data of Volpe el a/. ( I988), discussed above. However, in the scheme in Fig. 1 (1988) havc obtained a differcnt picture from a neuroblastoma cell line, in that thapsigargin induces only a transicnt mobilization of Ca'+ with no prolonged entry phasc; this may possibly reflect a different degrce of Ca2+-pumping in the endoplasmic reticulum C a ? + pool which is adjaccnt to (and linked to?) the plasma membrane.
Whatever the degree of Ca"-pumping in the endoplasmic reticulum, the second key feature of the model in Fig. 1 is that the principal Ca2+-pumping organelles are the calciosomes. These may possibly be linked to some endoplasmic reticulum (which is not near the plasma membrane) in the way proposed by Mullaney e t a / . ( 1987) , and this latter endoplasmic reticulum may in turn either pump Ca'+ itself, or receive it from the calciosomcs [again, perhaps under Ins( 1,3,4,5)P, control]. Thirdly, the calciosomes arc the only organelles to contain Ins( 1,4,5)/', receptors as suggested by Volpc el a/. ( I988), and so the Ca2+ that thcy contain is the only CaZ+ that Ins( 1,4,5)P, can release on its own. Fourthly, as proposed by lrvine et a/. (1988) , the link between the calciosomes and at least the endoplasmic reticulum near the plasma membrane, is a channel analogous to a gap junction, which is obligatarily controlled by Ins( 1,3,4,5)P4.
It should be evident that such a model accounts for all of the above observations with regard to Ins( 1,4,5)P, and Ins( 1,3,4,5)/',, synergy on Ca'+ mobilization and entry, and the pool-refilling phenomena documented by Putney ( 1986) and Merritt & Kink (1987) .
It is also evident from Fig. 1 that the degree to which Ins( I ,4,5)/', depends on Ins( 1,3,4,5)/', for intracellular Ca'+ niobilization will clearly be governed by, among other things, the relative sizes of the various Ca?+ pools; this offers an alternative reason for the apparent lack of cffect of Ins( I ,3,4,5)P4 on Ca2+ mobilization in some microinjection experiments (discussed above). If an indirect assay of Ca2+ is used (e.g. egg activation, K + channels), then if there is Ca2+ in the calciosomes sufficient to induce a full response (albeit only acutely), then no effect of Ins( 1,3,4,5)/14 would be evident experimentally, even though Ins( 1,3,4,5)/', could still be causing extra Ca2+ to be released. One might argue that if that wcre so, then at low InsP, concentrations Ins( I ,3,4,5)P4 should help the InsP,, but if at low Ins/', concentrations efflux of C a 2 + from the calciosomes is rate-limiting, then again, a stimulated influx of Ca2+ into the calciosomes mediated by Ins( 1,3,4,5)P, is not necessarily going to make any difference to the initial rate of the rise in Ca2+. Thus in a rather perverse way, the very fact that a synergism is not always evident between Insf', and InsP, might be giving us a clue as to what InsP, is doing in all cells.
In conclusion, the scheme proposed in Fig. 1 is an attempt to accommodate a variety of experimental observations from many tissues. If it is a true reflection of how intracellular stores maintain their homocostasis and, more importantly, of how Ins( 1,4,5)P, and Ins( 1 ,3,4,5)P4 modulate that homoeostasis, then the original idea that Ins( 1,4,5)1', mobilizes intracellular Ca2+ and then indirectly causes Ca?+ entry (e.g. Berridge & Irvine, 1984; Putney, 1986) can be seen as an over-simplification to the point of being untruq. Rather, it is both Ins( 1,4,5)P, and Ins( 1,3,4,5)/', that are responsible for controlling intracellular Ca? + when inositide-linked receptors are activated, and the fact that two second messengers are involved, not one, is an exquisite example of the subtlety of control of C a 2 + which is essential for the maintenance of cellular physiology. Many hormones that act via the phosphoinositol .cycle induce transient rises in cytoplasmic free Ca2+ in a variety of cell types (Berridge et al., 1988) . To this list may now be added vascular smooth muscle cells from rat and rabbit aorta in primary culture; both angiotensin I1 and ATP induce repetitive free Ca2+ transients in spread single cells microinjected with aequorin (Fig. 1) .
The mechanisms by which cells generate oscillations in free Ca2 + have tentatively been classified (Berridge et ul., 1988) into either oscillations in which free Ca2+ is continuously part of the mechanism (e.g. Ca2+-induced release of Ca'+) or oscillations in the production of inositol 1,4,5-trisphosphate [Ins( 1,4,5)P,] in which free Ca2+ is not a continuous contributor to the oscillator. Our aequorin measurements of repetitive free CaL+ transients in single rat hepatocytes exposed to various hormones (Woods et ml., 1986) are most readily explained by transient receptor-mediated production of lns(1,4,5)lJ, (Woods et al., 1 9 8 7~; Cobbold et ul., 1987 . We base this supposition on the key observation that different agonists induce free Ca2+ transients with subtly different timecourses, even in the same individual cell. Thus transients induced by phenylephrine, an a , -adrenergic agonist, are about 7 s long, while angiotensin 11 and [ArgxJvasopressin transients are about 12-16 s long (Woods et al., 1 9 8 7~) .
Interestingly, ATP and ADP induce transients of markedly different timecourse (approx. 40 s and 7 s, respectively) (Cobbold et ul., 1 9 8 8~) .
Thus the transients show receptor-specific timecourses, and possibly even agonist-specificity (if ATP and ADP can be shown to act on the same receptor). Transients induced by all the agonists have very similar rates of rise of free Ca'+ and similar peak free Ca2+, and neither parameter is dependent upon agonist concentration. The receptor-specific differences in transient duration reside in the rate of fall of free Ca2+ from its peak level back to resting (Woods et al., 1 9 8 7~; Cobbold et al., 1 9 8 8~) .
How such receptor-specific information may be transmitted through the phosphoinositide cycle to mobilize intracellular Ca2+ is not known. We could, perhaps, propose that different receptors act on distinct populations of phosphoinositidase C (PIC) with different switch-off kinetics, or different substrate specificities, so as to generate different kinetics of curtailment of Ins( 1,4,5)lJ,-mediated Ca2+ mobilization. However, the very similar rates of rise of free Ca2+, and of peak free Ca2+, in each transient would suggest that different PIC populations are unlikely to be involved. Rather, a plausible source of negative feedback for curtailing Ins( I ,4,5)P, production lies in phosphorylation of receptors and/or their G proteins by protein kinase C (PKC). Differences in the kinetics of PKC phosphorylation of the different receptors or G proteins could then explain the different rates of fall of free Ca2+, assuming the instantaneous level of Ins( 1,4,5)P, is reflected as free Ca2+ (Cobbold el ul., 1987; Woods et ul., 1987 b) . Attempts to modify the timecourse of the transients with phorbol esters were not successful, since the frequency of the transients usually diminished to zero before any effect on the transients' shape could be detected. We assume that, in theinorma1 cell, PKC activation during the peak of the transient is intense, but short-lived, and not mimicked by exogenous phorbol esters (Woods et ul., 19876) . Our model would need revision to incorporate dissociation of the agonist from the phosphorylated receptor if both ATP and ADP do in fact act via the same receptor (Cobbold et ul., 1 9 8 8~) .
The effects of different vasopressin analogues o n the free Ca?+ transients' timecourse is currently being studied to test the role of the agonist's properties.
However, a receptor agonist is not mandatory for generating free Ca2+ transients. Fig. 2 shows repetitive free Ca2+ transients monitored with aequorin in a rat hepatocyte exposed to fluoroaluminate (AIF; ) which is known to acti- The response to angiotensin I1 was also transient in nature (Daly el ul., unpublished work). Cells isolated from aortae were not more than 3 weeks in primary culture in Williams' medium E. Cells spread out in flat glass capillaries were injected to about 1% of their volume with concentrated aequorin, approx. 12-18 h before recording their responses.
(Rounded-up cells, or cells injected promptly before recording, almost always failed to respond.) Other technical aspects are given by Woods et ul. (1986, 19876) . [Ca"],, intracellular free Ca?+ concentration.
